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ABSTRACT
Rapid and extensive sublesional bone loss after spinal cord injury (SCI) is a difficult medical problem that has been refractory to
available interventions except the antiresorptive agent denosumab (DMAB). While DMAB has shown some efficacy in inhibiting bone
loss, its concurrent inhibition of bone formation limits its use. Sialic acid-binding immunoglobulin-like lectin (Siglec)-15 is expressed
on the cell surface ofmature osteoclasts. Anti-Siglec-15 antibody (Ab) has been shown to inhibit osteoclastmaturation and bone resorption
while maintaining osteoblast activity, which is distinct from current antiresorptive agents that inhibit the activity of both osteoclasts and
osteoblasts. The goal of the present study is to test a Siglec-15 Ab (NP159) as a new treatment option to prevent bone loss in an acute
SCI model. To this end, 4-month-old male Wistar rats underwent complete spinal cord transection and were treated with either vehicle
or NP159 at 20 mg/kg once every 2 weeks for 8 weeks. SCI results in significant decreases in bone mineral density (BMD,�18.7%), trabec-
ular bone volume (�43.1%), trabecular connectivity (�59.7%), and bone stiffness (�76.3%) at the distal femur. Treatment with NP159
almost completely prevents the aforementioned deterioration of bone after SCI. Blood and histomorphometric analyses revealed that
NP159 is able to greatly inhibit bone resorption while maintaining bone formation after acute SCI. In ex vivo cultures of bone marrow cells,
NP159 reduces osteoclastogenesis while increasing osteoblastogenesis. In summary, treatment with NP159 almost fully prevents suble-
sional loss of BMD andmetaphysis trabecular bone volume and preserves bone strength in a rat model of acute SCI. Because of its unique
ability to reduce osteoclastogenesis and bone resorption while promoting osteoblastogenesis to maintain bone formation, Siglec-15 Ab
may hold greater promise as a therapeutic agent, compared with the exclusively antiresorptive or anabolic agents that are currently used,
in mitigating the striking bone loss that occurs after SCI or other conditions associated with severe immobilization. © 2023 The Authors.
JBMR Pluspublished byWiley Periodicals LLC onbehalf of American Society for Bone andMineral Research. This article has been contributed
to by U.S. Government employees and their work is in the public domain in the USA.
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Introduction

Of the total noninstitutionalized population in the United
States in 1988, 3.8% (8.8 million people) were estimated

not to be able to perform any major activity.[1] Immobilization
osteoporosis represents a wide spectrum of conditions and dis-
orders. A few representative examples encompass a range of
rates of bone loss including individuals confined to bed rest
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(e.g., stroke, poliomyelitis) at 0.1% per week, microgravity at
0.25% per week, and motor-complete spinal cord injury (SCI) at
1% per week at select skeletal regions during the initial
months.[2–6] In contrast, postmenopausal osteoporosis, a non-
immobilizing condition associated with bone loss with
heightened awareness in the medical community, has a bone
loss of 3% to 5% per year when not prescribed antiresorptive
medication.[7] Although efficacious strategies have been
developed for other forms of osteoporosis (e.g., sex-hormone-
deficient, glucocorticoid-induced, nutritional deficiency
osteoporosis), the ability to maintain bone when load is acutely
reduced is, at present, far from clinically satisfactory.[8]

In the United States, there are�288,000 people with SCI, with
�17,700 new cases of SCI occurring annually.[9,10] The impetus
for the present study is to develop novel therapeutics to treat
the severe loss of bone that occurs in regions of the unloaded
skeleton affected by paralysis after SCI. Over the first couple of
years after SCI, 50% to 60% of bone mineral density (BMD) may
be lost at the epiphyseal and metaphyseal regions of the long
bones of the lower extremities.[11] Almost immediately after
SCI, bone resorption and the associated calcium excretion are
greatly increased. Histologic measures of bone biopsy samples
revealed that bone formation was reduced in individuals with
SCI.[12] Because SCI causes rapid and extensive loss of sublesional
bone, those with SCI have an increased risk of fracture.[8,13,14]

Bone may be lost in trabecular regions of the sublesional skele-
ton at a rate as great as �1% per week for the first year after
SCI and continue to be lost at a rapid rate over the next year or
so, while cortical bone is lost by endocortical resorption at an
increased rate for at least the initial 7 years or longer after paral-
ysis, depending on the region.[15–17] The rate at which bone is
lost after SCI is greater than 10 times that of postmenopausal
osteoporosis[18] and is more severe than other types of disuse
osteoporosis, such as microgravity[2] and prolonged bed rest.[6]

It should be noted that central nervous system control of skeletal
muscle is maintained in persons under conditions of micro-
gravity and bed rest, as well as in animals with tail suspension,
but is disrupted to varying degrees after SCI depending on the
degree of neurological injury. In contrast to postmenopausal
osteoporosis, a condition that is largely due to estrogen defi-
ciency, rapid and extensive bone loss after SCI is mainly attrib-
uted to immediate, severe, and irreversible unloading of bone,
which is complicated further by other associated pathological
changes (e.g., neurological, hormonal, metabolic, and inflam-
matory disorders).[10,14,18]

The prevalence of fractures in persons with SCI is reported to
be as high as 25% to 46%,[19] and fractures occur with relatively
minor stress or trauma.[20] The average hospital stay following
fracture in a patient with SCI is 35 days, seven times longer than
those for admissions without fractures.[21,22] The prolonged hos-
pital stay is, in part, due to the fact that the majority of these
patients experience local, general, or orthopedic complica-
tions.[23] Furthermore, nearly four out of five patients are not
allowed to perform unassisted transfers for an average of
65 days, adding substantially to caregiver time and cost.[23]

Importantly, a heightened risk of fracture due to bone loss may
preclude participation in activity-based rehabilitation or the use
of promising exoskeletal devices or modalities of spinal cord
stimulation for ambulation and may prevent the ability to partic-
ipate in future advances to be made in neurorepair. Given the
lack of any practical intervention available to safely inhibit bone
loss or restore a sufficient fraction of the bone loss in people with
SCI, there is a clear unmet need to develop an efficacious

treatment to improve sublesional bone integrity, more specifically
a therapeutic that improves bone integrity and function at the dis-
tal femur and proximal tibia, which are the skeletal sites at highest
risk of fracture.

Sialic acid-binding immunoglobulin-like lectin (Siglec)-15, a
member of cell-surface receptors, regulates the functions of cells
in the innate and adaptive immune system through glycan rec-
ognition.[24,25] Recent in vitro studies revealed upregulated
Siglec-15 expression in differentiated osteoclasts.[25,26] Among
the known Siglecs expressed in myeloid lineage cells, only
Siglec-15 was upregulated by receptor activator of nuclear factor
kB ligand (RANKL) in mouse bone marrow macrophages.[25] In
response to RANKL, Siglec-15 is shown to interact with the
adapter protein DAP12 and induce Akt activationwhen clustered
on the osteoclast cell surface for osteoclastogenesis.[27] An anti-
body has been generated against Siglec-15 that inhibits osteo-
clast fusion and maturation but does not inhibit formation of
mononuclear preosteoclasts. The resultant preosteoclasts are
able to support osteoblast activity and bone formation and, thus,
play an important role in decoupling bone resorption and forma-
tion.[27,28] Recent work demonstrated that the Siglec-15 Ab was
able to reduce bone resorption while maintaining bone forma-
tion in ovariectomized (OVX) rats and monkeys[29] and increase
BMD and bone strength of cortical bone in OVX cynomolgus
monkeys.[30] A phase I clinical trial in postmenopausal women
indicated that a single dose of the Siglec-15 Ab resulted in sus-
tained decreases in bone biomarkers of resorption while having
a modest effect on bone biomarkers of formation. The observed
efficacy seen with a single dose is associated with a good safety
profile: there were no major toxicities or drug-related serious
adverse events, symptomatic hypocalcemia, or clinically mean-
ingful changes in numbers of circulating leukocyte subtypes
or antibody-mediated hyperstimulation of cytokines.[31] More
recently, Cao and colleagues demonstrated that a novel
Siglec-15 Ab (NP159) could block osteoclast maturation and
osteoclastogenesis and increase bone volume in OVX mice.[32]

Of note, Siglec-15 Ab-mediated inhibition of osteoclastogen-
esis by NP159 is associated with significant increases in
tartrate-resistant acid phosphatase (TRACP)-positive preosteo-
clasts (mononuclear cells), resulting in an increased production
of platelet-derived growth factor-BB (PDGF-BB) from preosteo-
clasts that can promote the recruitment of osteoblasts, thereby
leading to anabolic activity to increase bone formation and
promote facture healing.[32]

These unique and favorable features differentiate Siglec-15
Abs from current antiresorptive agents (e.g., bisphosphonate
[BP] and anti-RANKL Ab [denosumab, DMAB]) that inhibit the
activity of both osteoclasts and osteoblasts, as well as from other
bone anabolic agents (e.g., teriparatide, abaloparatide, and
romosozumab [ROMO]) that have major safety concerns with
long-term use. For these reasons, Siglec-15 Abs hold greater
promise to improve skeletal health in individuals with SCI than
that of currently available antiresorptive or anabolic bone
agents. At present, the efficacy of Siglec-15 Ab is not known in
immobilization-induced bone loss of any etiology, including
SCI. As is currently understood, an agent that is effective and safe
in other conditions of bone loss may not offer the same degree
of efficacy and safety profile to persons with SCI. Here we assess
whether the anti-Siglec-15 mAb NP159 has therapeutic potential
in SCI.

The present study in rodent models that is described herein
represents the first effort to evaluate the ability of a novel strat-
egy to markedly reduce bone loss after acute SCI by inhibiting
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the biological activity of Siglec-15. We hypothesize that Siglec-15
Ab can serve not only as a novel antiresorptive but also as a
unique bone formation agent to improve bone integrity after
SCI. In this study, an established rat model of bone loss following
complete spinal cord transection[10,33–42] was used to investigate
the skeletal effects of NP159 treatment for 8 weeks when initiated
immediately after injury. The effects of NP159 were examined on
bone mass and architecture, blood and histomorphometric indices
of bone formation and resorption, and osteoclastogenic and osteo-
blastogenic potential of bonemarrow progenitor cells, as well as on
gene expression profiling following treatment.

Materials and Methods

Animals, surgery, drug administration, and tissue
collection

All animals were housed in a temperature- and humidity-
controlled room providing a 12:12-hour day:night cycle and fed
food and water ad libitum. All animal studies were approved
by the Institutional Animal Care and Use Committee at the James
J. Peters Veterans Affairs Medical Center and conformed to all
guidelines and regulations for the protection of the welfare of
animal subjects. In this study, three groups of animals were stud-
ied: spinal cord-transected treated with vehicle (normal saline)
(SCI animals, N = 15), spinal cord-transected treated with human
Siglec-15 Ab monoclonal antibody (NP159) (SCI + NP159 ani-
mals, N = 13), and a sham-SCI group (sham animals, N = 14).
Spinal cord transection surgery was performed as previously
described.[10,33–36,40,42,43] Briefly, 4-month-old male Wistar rats
(�350 g) were purchased from Charles River (Wilmington, Mas-
sachusetts) were anesthetized by inhalation of isofluorane (3%
to 5%), and hair was removed with a clipper. Skin over the back
was cleaned with betadine and isopropyl alcohol. After making
a midline incision, the spinal cord at the interspace between
the third and fourth vertebral bodies was visualized by laminect-
omy, and the spinal cord was transected with microscissors. The
space between transected ends of the spinal cord was filled with
surgical sponge, and the wound was closed in two layers
with suture.

Urine was voided at least three times daily until automaticity
of the bladder developed, then at least once a day as needed.
Baytril was administered for the first 3 to 5 days postoperatively,
and then as indicated for cloudy or bloody urine or for overt
wound infection. Sham animals received an identical surgery,
including a laminectomy, except that the spinal cord was not
cut. Immediately after spinal cord transection, SCI rats were
injected peritoneally with saline or NP159 at 20 mg/kg[44–46]

once every 2 weeks for 8 weeks. We chose 8 weeks of treatment
with NP159 because bone loss due to SCI is far greater than that
observed in other types of osteoporosis resulting from aging and
ovariectomy.[45,46]

On day �6 and day �2 prior to euthanasia, the animals were
labeled with fluorochromes by subcutaneous injection of calcein
(10 mg/kg body weight) and xylenol orange (90 mg/kg body
weight) for dynamic histomorphometric analysis. Eight weeks
after NP159 was started, animals were anesthetized with isoflur-
ane inhalation followed by transection of the aorta. The tibia and
femur were removed with the knee joint intact after carefully
separating bone from muscle and connective tissue, and the
lumbar vertebrae was also collected. The left tibia and femur
were stored in 4% paraformaldehyde for 48 hours and then kept
at 70% ethanol at 4 C� for micro–CT (μCT) (N = 10 per group)

and histomorphometric analysis (N = 6 or 7 per group). The right
tibia and femur (N = 4 or 5 per group) were placed in ice-cold
Minimum Essential Alpha Medium (α-MEM) and then immedi-
ately processed for bone marrow cell cultures.

BMD assessed by dual-energy X-ray absorptiometry

Areal BMD measurements were performed using a small-animal
dual-energy X-ray absorptiometer (Lunar Piximus, WI, USA), as
previously described.[10,33–35,40,47,48] Hind limbs were positioned
on the dual-energy X-ray absorptiometer platform with the knee
flexed at an angle of 135�, and dual-energy X-ray absorptiometry
images were acquired with Lunar Pixmus software. The instru-
ment was calibrated with a phantom following the procedures
recommended by the manufacturer on each day of use prior to
analysis of experimental samples. The metaphysis of the distal
femur and proximal tibia were selected as regions of interest
(ROIs). The coefficient of variation for the repeated measure-
ments for the ROIs was �1.5%.

μCT analysis of bone microarchitecture

Volumetric BMD and bone architecture of the distal femur were
assessed by a Scanco μCT scanner (μCT-40; Scanco Medical AG,
Switzerland) at 16 mm isotropic voxel size, as previously
described[10,34–36,40,42] and in greater detail in the Supplemental
Materials. Image reconstruction and three-dimensional (3D)
quantitative analysis were performed using software provided
by Scanco. Scans were initiated at the growth plate and moved
proximally for a total of approximately 300 slices. A ROI consist-
ing of 100 slices beginning 0.5 mm proximal to the growth plate
and continuing in a proximal direction were included in the anal-
ysis. Mechanical properties at the distal femur trabecular bones
were estimated frommicro-finite element analysis (μFEA) follow-
ing the manufacturer’s recommended procedures, as previously
described[49].[35,36,50–52] Briefly, μFEA models were produced by
converting each bone voxel to an eight-node brick element.
Bone tissue was subjected to applied uniaxial compression, with
an elastic modulus of 15 GPa and Poisson’s ratio of 0.3 for each
element. A linear elastic analysis was used to estimate bone stiff-
ness. Standard nomenclature and methods for bone morpho-
metric analysis were employed.[10]

Bone histomorphometric analyses

Dynamic histomorphometry was performed for fluorochrome-
based determination of rates of bone formation. For this pur-
pose, 6-μm sections embedded in methyl methacrylate plastic
were cut using a Reichert-Jung sledge microtome. Xylenol
orange and calcein were visualized by fluorescent microscopy
and the distance between labeled layers will be used as a
measure of the rate of bone formation as determined by mor-
phometry software.[53,54] Static histomorphometry was per-
formed to quantify the osteoclast number and activity. In
this study, TRACP stain was used to specifically label osteo-
clasts in deplastified distal femur sections, and slides were
counterstained with hematoxylin and eosin (H&E), as described
previously.[47,54] Osteoclasts were measured under bright
field microscopy using an OLYMPUS microscope with the
OsteoMeasure™ system. See Supplemental Materials for
experimental procedures in greater detail.
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ELISA assays

Serum C-terminal telopeptide of type I collagen (CTX) levels were
measured using a RatLapsTM enzyme-immunoassay kit from
Immunodiagnostic Systems (Fountain Hills, AZ, USA). Serum
levels of P1NP were determined using a rat P1NP ELISA kit
(MyBioSource). Serum concentrations of osteocalcin were mea-
sured using a rat osteocalcin immunoassay kit (Alfa Aesar). All
samples were assayed in duplicate, following the manufacturer’s
protocols.

Ex vivo osteoclastogenesis and osteoblastogenesis assays

Procedures for osteoblast and osteoclast formation from bone
marrow stromal and hematopoietic progenitor cells were per-
formed, as previously described,[10,33,34,40,47,48] and are described
in greater detail in the Supplemental Materials. Briefly, to study
osteoclast cells, bone marrow cells were isolated from the fem-
ora and tibiae in a-MEM. Marrow cells were rinsed and resus-
pended in α-MEM then seeded into wells using an equal
number of cells in each well and cultured for 2 days in α-MEM
supplemented with human macrophage colony-stimulating fac-
tor (M-CSF; 5 ng/mL). The nonadherent cells were collected and
purified by Ficoll-Plus (Amersham Pharmacia Biotech Inc., Arling-
ton Heights, IL, USA) then seeded into wells, again with an equal
number of cells per plate, and incubated in α-MEM containing
M-CSF (30 ng/mL) and RANKL (60 ng/mL) for 5 days, followed
by total RNA extraction using the TRizol reagent. To study osteo-
blast cells, cells were flushed from themarrow cavity with α-MEM
and seeded into tissue culture wells; the harvested bone marrow
cells were cultured in α-MEM supplemented with 15% prese-
lected FCS (Hyclone, Logan, UT, USA) and ascorbic acid-
2-phosphate (1 mM). Recruitment of marrow stromal cells to
the osteoblast lineage was assessed at 10 days of culture by
extraction of total RNA with the TRizol reagent.

RNA extraction from bone marrow cultures and
quantitative PCR

Total RNAs were extracted from bone marrow cell cultures using
the TRI reagent (Sigma-Aldrich). Onemicrogram of total RNAwas
used to synthesize the first strand cDNA by the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Real-
time PCR determination of mRNA levels was performed in
the ViiA7 system (Applied Biosystems), as described previ-
ously.[10,33,34,40,47,48] Relative expression levels were calcu-
lated using the 2�ΔΔCt method with 18S RNA as an internal
control.[55] Additional details regarding procedures per-
formed are provided in Supplemental Materials.

Statistics

Standard power analyses were used to determine the requisite
minimum number of animals to ensure sufficient statistical
power, as described.[56] Data are expressed as mean � SEM;
the number of independent samples (n) is provided in the leg-
end of each figure. The statistical significance of differences
among means was tested using one-way ANOVA and a
Newman–Keuls test post hoc to determine the significance
of differences between individual pairs of means using a
p-value of 0.05 as the cutoff for significance. Statistical calcu-
lations were performed using Prism 4.0c (GraphPad Software,
La Jolla, CA, USA).

Results

Siglec-15 antibody prevented marked bone loss after
acute motor-complete SCI In rats

To test our hypothesis, we conducted preclinical animal studies
to determine how administration of NP159 altered bone loss in
male rats that had a complete spinal cord transection at the
fourth thoracic vertebra. In these studies, 4-month-old rats were
administered NP159 (20 mg/kg biweekly) or vehicle beginning
immediately after SCI and until the animals were euthanized
56 days after SCI. At the end of the study, there were no signifi-
cant differences in body weights among sham, SCI, and SCI
+ NP159 animal groups, either before performing surgery or at
time of sacrifice (Fig. 1F). Eight weeks after SCI, the BMD of the
distal femur, proximal tibia, and spine (L3-5) were diminished
by �18.7%, �12.9%, and �12.0%, respectively. Of note, NP159
treatment completely prevented the loss of BMD at each of these
skeletal sites after acute SCI (Fig. 1A–C).

Bone architecture was examined by high-resolution μCT to
assess changes in trabecular bone of the distal femoral metaphy-
sis (Fig. 2). After SCI, trabecular bone volume (BV/TV%) at this site
was reduced by nearly�43.1% (p < 0.001, Fig. 2B[a]) due largely
to decreased trabecular number (Tb.N) (�36.2%, p < 0.001,
Fig. 2B[b]) with an increase in trabecular space (Tb.Sp) (+56.8%,
p < 0.001, Fig. 2B[c]). Trabecular connectivity density (Conn.D)
was greatly reduced (�59.7%, p < 0.001, Fig. 2B[d]), associated
with transformation from platelike to rodlike structures (structure
model index [SMI], +66.8%, p < 0.001, Fig. 2B[e]). Administration
of the NP159 almost completely prevented declines in BV/TV%
(+50.8%, p < 0.001, Fig. 2B[a]) and Conn.D (+86.9%, p < 0.001,
Fig. 2B[d]), primarily by increasing Tb.N (+57.5%, p < 0.001,
Fig. 2B[b]) and preserving Tb.Sp (�37.9%, p < 0.001, Fig. 2B[c]).
Of note, we previously demonstrated that, in contrast to
NP159, antagonism by sclerostin antibody failed to prevent the
loss of Conn.D and Tb.N after acute SCI, despite its nearly full pro-
tection against the loss of BMD and trabecular BV/TV%.[10] μFEA
revealed that SCI reduced bone stiffness by �76.3% at the distal
femur (p < 0.001), and the decline in bone mechanic property
was dramatically blocked by NP159 administration (+207.7%,
p < 0.001, Fig. 2B[f]).

Cortical bone structure and strength at the femur midshaft
was also examined by high-resolution μCT and μCT-based μFEA.
Compared with those from the sham group, bones at 56 days
after SCI became thinner with a reduction in cortical thickness
(Ct.Th; �7.0%, p < 0.05; Fig. S1A), accompanied by a significant
reduction in bone stiffness (�8.8%, p < 0.01; Fig. S1B). The
decline in bone mechanical property was significantly blocked
by NP159 administration (+6.2%, p < 0.01, Fig. S1B).

Siglec-15 antibody greatly inhibited bone resorption while
maintaining bone formation

Static histomorphometric analysis was conducted to evaluate
bone resorption. Sections of trabecular bone from the femur
were immunostained for TRACP. SCI resulted in increased eroded
surface/bone surface (ES/BS; +47.8%, p < 0.05, Fig 3B) and oste-
oclast number/bone perimeter (N.Oc/B.Pm; +52.8%, p < 0.05,
Fig 3C). NP159 treatment in SCI rats greatly reduced ES/BS
(�39%, p < 0.05, Fig 3B) compared to controls, suggesting inhi-
bition of bone resorption. Because TRACP staining can detect
both mononuclear (immature) and multinuclear osteoclasts
(MUC, mature), no obvious changes in N.Oc/B.Pm (Fig 3C) in
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SCI + NP159 rats relative to the SCI group suggest that NP159
mainly reduced the number of functional MUC for resorbing
bone but did not alter the number of mononuclear preosteo-
clasts (Fig. 3), an observation that is consistent with previous
studies.[32,57]

Dynamic histomorphometric analysis revealed no significant
changes in mineralizing surface/bone surface (MS/BS), mineral
apposition rate (MAR), and bone formation rate/bone surface
(BFR/BS) in the NP159-treated group compared to the SCI control
group (Fig. 4). These results indicate that NP159 maintains bone
formation while inhibiting bone resorption, in contrast to other
antiresorptive drugs (e.g., BPs and DMAB) that suppress bone
formation.[58]

ELISA assays were performed to examine the serum levels of
bone biomarkers for resorption, CTX, formation, P1NP, and
osteocalcin. Consistent with previous findings, CTX levels were
increased after SCI (+10.3%, p < 0.05, Fig. 5A).[34,41] Importantly,
we found NP159 significantly decreased serum CTX levels
(�13.3%, p < 0.05, Fig. 5A), suggesting inhibition of bone resorp-
tion. Following acute SCI, serum P1NP level is decreased by
�34.7%. NP159 treatment increased the concentration of
P1NP in blood, although this change did not reach statistical sig-
nificance (Fig. 5B). We observed no change in the level of osteo-
calcin with NP159 treatment following SCI (Fig S2).

Thus, the blood biomarker-based readouts of both bone for-
mation and resorption seen following treatment of SCI rats with
NP159, consistent with changes in bone seen with the histomor-
phometric analysis of bone formation and resorption. Collec-
tively these data support a mechanism for the Siglec-15 Ab,
NP159, where NP159 inhibits bone resorption while maintaining
bone formation after acute SCI.

Siglec-15 antibody inhibited osteoclastogenesis

Bonemarrow cells can be separated into hematopoietic precursor
cell (HPC) and mesenchymal precursor cell (MSC) populations,
which can then be differentiated into multinucleated TRACP+

osteoclasts capable of resorbing bone and alkaline phosphatase
(ALP)-positive osteoblasts that form and mineralize osteoid,
respectively. Following immobilization, the potential of MSCs to
undergo osteoclastogenic differentiation is increased.[59,60] At
21 or 56 days after SCI, marrow HPCs were assessed for osteoclas-
togenic differentiation activity and showed enhanced differentia-
tion into osteoclasts.[10,40,61] In this study, we performed
osteoclastogenesis and osteoblastogenesis assays to examine
the effects of NP159 on the ability of marrow cells to differentiate
in cell cultures into osteoclasts or osteoblasts. Consistent with our
previous findings,[10,34,47] after SCI both the number of TRACP+

MUC (+61.1%, p < 0.001) and the expression of osteoclast marker
genes TRACP and calcitonin receptor (Calr) were significantly
increased when measured ex vivo. Of note, NP159 markedly
decreased TRACP+ MUC (�36.1%, p < 0.001) and TRACP and Calr
mRNAs (Fig. 6), indicating the reduction of osteoclast maturation
and osteoclastogenesis in vivo.

Siglec-15 antibody enhanced osteoblastogenesis

Consistent with our previous findings,[10,33,35] the decrease in the
number of osteoblast-forming cells (examined by CFU-F
staining), the number of colonies producing mineralized bone
matrix (examined by von Kossa staining, CFU-ob), and the
levels for transcripts encoding the osteoblast differentiation
markers Runx2, osteocalcin (OCN), and bone sialoprotein
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Fig. 1. Areal BMD for indicated sites determined by analysis of images acquired by dual-energy X-ray absorptiometry scanning and body weight mea-
surement. (A) Distal femur, (B) proximal tibia, (C) spine (L3–5), and (D) body weights. Sham-operated animals were used as controls. Data are expressed
asmean � SEM.N = 13 to 15 per group. Significance of differences was determined using one-way ANOVAwith Newman–Keuls test post hoc. **p < 0.01
and ***p < 0.001 versus indicated group.
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(BSP) were observed in rats following SCI (Fig. 7A,B[a,b]). Nota-
bly, comparison of NP159-treated SCI rats to controls revealed a
significant increase in the numbers of CFU-F+ staining (+20.5%,
p < 0.01) or mineralized nodule (CFU-ob) cells (+64.3%, p < 0.01)
(Fig. 7B[a,b]). In ex vivo cultures of osteoblasts derived fromMSCs,
mRNA levels of Runx2, OCN, and BSP were significantly increased
in the SCI + NP159 group compared to the SCI group (Fig. 7C
[a–c]). Interestingly, levels of mRNA for osteoprotegerin (OPG)
were reduced by about�36.7% (p < 0.01) for the SCI group com-
pared with the sham group, associated with +59.1% elevations
(p < 0.05) in mRNA levels for RANKL. Treatment with NP159 signif-
icantly increased OPGmRNA and reducedmRNA levels for RANKL,
resulting in a 135.7% increase (p < 0.001) in the OPG/RANKL ratio
(Fig. 7C[d–f]). Collectively, our data indicate that NP159 induced
osteoblastogenesis while suppressing osteoclast maturation and
osteoclastogenesis (Fig. 6).

Discussion

This study constitutes the first investigation demonstrating the
efficacy of a novel therapeutic, Siglec-15 Ab, that reduces bone

resorption after acute SCI while maintaining capacity for bone
formation as well. Hence, NP159 stands out as a unique thera-
peutic agent in bone disease, including disuse osteoporosis, in
that it has antiresorptive activity while preserving bone forma-
tion function for a net anabolic outcome. The bone loss after
SCI is particularly rapid, progressive, and severe. The fragility of
regions of the skeleton in individuals with immobilizing neuro-
logical conditions places them at increased risk for fractures. This
results in hospitalization stays, increased costs for medical care,
and decreased overall quality of life. Despite the pressing nature
of this problem, to date, there is no practical approach to safely
and efficaciously treat bone loss to prevent fractures in individ-
uals with chronic SCI. This study addresses this critical need for
an effective and safe therapeutic approach for paralyzed individ-
uals with severe bone fragility. In this study, we have demon-
strated that a novel Siglec-15 Ab, NP159, almost fully prevents
the SCI-induced loss of bone mass and preserves trabecular
microarchitecture in a rat model of acute motor-complete spinal
cord transection. NP159 decreases osteoclast maturation and
bone resorption while increasing osteoblastogenesis tomaintain
bone formation in SCI. This study is the first to demonstrate that a
Siglec-15 Ab is effective at mitigating bone loss in immobilizing
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Fig. 2. Effect of NP159 on trabecular architecture of distal femur as assessed by μCT. (A) Representative 3D images of trabecular microarchitecture. Mea-
surements are shown for (B) (a) trabecular bone volume over total volume (BV/TV); (b) trabecular number (Tb.N, mm�1); (c) trabecular separation (Tb.Sp,
μm); (d) connectivity density (Conn.D, mm�3); (e) structure model index (SMI, ranges from 0 to 3 with 0 = platelike and 3 = rodlike); (f) trabecular thick-
ness (Tb.Th, μm); and (g) bone stiffness (N/mm) by finite element analysis, respectively. Data are expressed asmean � SEM.N = 10 per group. Significance
of differences was determined using one-way ANOVAwith a Newman–Keuls test post hoc. *p < 0.05, **p < 0.01 and ***p < 0.001 versus indicated group.
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Fig. 3. Effects of NP159 on bone resorption of trabecular bone at distal femur. (A) Representative sections of trabecular bone from femoral metaphysis immu-
nostained for TRACP (magnification�20). The reddish areas of TRACP staining on trabecular surfaces represent osteoclasts. These were all measured/taken in
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icance. BFR/BS, bone formation rate/bone surface; MS/BS, mineralizing surface/bone surface; MAR, mineral apposition rate.
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conditions, which includes not only after SCI but should also
extend to other disuse conditions that result in severe osteopo-
rosis. Blockade of Siglec-15 to preserve skeletal health after acute
SCI-induced immobilization is original and innovative. Whether
this agent can reverse the bone loss in chronic SCI has yet to
be tested. If efficacious in a preclinical model of chronic SCI, this
agent may be quickly deployed in a clinical trial. If skeletal integ-
rity can be improved in persons with chronic SCI, this approach
would hold the promise to increase the number of individuals
who would have been denied access, but may become eligible,
for rehabilitation strategies (e.g., exoskeletal-assisted walking,
spinal cord stimulation) or other modalities for gait to allow
greater functional independence.

There are limitations to the current pharmacological interven-
tions in SCI-induced bone loss. Two broad classifications of agents
are currently approved by the US Food and Drug Administration
(FDA) for the treatment of osteoporosis: antiresorptive agents
and anabolic agents. As one class of antiresorptive agents, BPs
reduce osteoclast viability, number, and bone-resorbing activity.
BPs have been found to increase bone mass and reduce fractures
in postmenopausal women and stroke survivors.[62,63] These
agents are now appreciated to have an additional mechanism of
action by regulating the activity of connexin-43 hemichannels
on osteocytes and osteoblasts.[64] Several trials have evaluated

the effects of BP administration on bone loss after acute
SCI.[65–67] Treatment with BPs, at best, slows bone loss at some
sites after acute motor-complete SCI but does not spare bone at
the most clinically relevant sublesional locations. Bauman
et al. reported that subjects with motor-complete SCI who were
administered two different BP drugs, pamidronate[65] or zole-
dronic acid,[68] did not preserve BMD at the knee (the distal
femur and proximal tibia), the skeletal site at highest risk of
fracture. The use of BPs is also associated with a number of
adverse side effects that are similar to those seen with another
antiresorptive agent, DMAB.

DMAB, a human monoclonal Ab to RANKL, represents an
immunopharmacological approach to the treatment of osteopo-
rosis that has been approved by the FDA. The mechanism of
action of DMAB, which is to prevent the recruitment and the
development of osteoclasts, is distinctly different from that of
BPs. DMAB has been demonstrated to be an effective agent in
postmenopausal osteoporosis in a number of clinical trials,
including the Fracture Reduction Evaluation of DMAB in Osteo-
porosis Every 6 Months (FREEDOM) Trial.[69] Histomorphometric
findings suggest that the effects of DMAB on bone remodeling
are more potent than those with BPs.[70,71] Emerging findings
from our clinical investigators have shown that DMAB greatly
reduced bone loss after subacute SCI.[11] While these findings
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Fig. 7. NP159 enhanced the osteoblastogenesis of bone marrow stem cells. (A) Representative images showing alkaline phosphatase staining (CFU-F)
and Von Kossa staining (CFU-ob) of cultures of marrow stromal cells. (B) Cell counts of alkaline phosphatase-positive cells and formed bone nodules.
(C) Changes in gene expression in osteoblasts developed by primary culture of bone marrow stromal cells. mRNA levels were determined by real-time
PCR: (a) Runx2, (b) osteocalcin, (c) BSP, (d) OPG, (e) RANKL, and (f) OPG/RANKL ratio. Data are expressed asmean � SEM.N = 4 to 5 per group. Significance
of differences was determined using one-way ANOVA with a Newman–Keuls test post hoc. *p < 0.05, **p < 0.01, and ***p < 0.001 versus indicated
group.
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are quite promising, DMAB also potently suppresses osteoblast
activity and bone formation when it inhibits the activity of
osteoclasts,[72] similar to that of BPs. The coupled inhibition
of bone resorption and formation is believed to be responsible
for the rare, but devastating, side effects of DMAB and BPs
reported in the general population (e.g., osteonecrosis of the
jaw and atypical femoral fractures).[71,73,74] A controversy also
exists concerning the efficacy of BPs in the treatment of bone
disease in those with chronic SCI largely due to BP-mediated
inhibition of osteoblast activity and bone formation while inhi-
biting osteoclast activity and bone resorption.[65,66,75] In addi-
tion, able-bodied patients prescribed DMAB have also reported
trouble breathing, backache, and an ill-defined pain in muscle
and/or bone.[76] Recent evidence suggests that the cessation of
DMAB might be accompanied by a period of accelerated bone
resorption and increased fracture risk, perhaps through a mech-
anism by which osteomorph (“fissioned” from mature osteo-
clasts) can refuse and recycle to form functional osteoclasts in a
RANKL/RANK/OPG signaling-dependent manner.[77]

With regard to bone anabolic agents, currently there are three
FDA-approved agents with bone anabolic activity: teriparatide,
abaloparatide, and ROMO. Teriparatide is a peptide containing
amino acid residues 1–34 of PTH that is effective at reducing risk
of fractures in postmenopausal osteoporosis.[78,79] However, two
recent studies did not observe significant changes in BMD of the
lower extremities of individuals with SCI after 6 months of teri-
paratide coupled with mechanical loading or vibration,[80,81] sug-
gesting an uncertain role of teriparatide in the treatment of
bone loss after SCI. Currently, the exact reason that these treat-
ment approaches applied after SCI are ineffective remains
unknown. However, it would be reasonable to speculate that the
ineffectiveness might be associated with the multiple pathogenic
circumstances responsible for bone loss, which include anti-
cipated neurological, inflammatory, and hormonal factors, in addi-
tion to extreme, protracted immobilization. As a consequence, the
rate and extent of bone loss after SCI is substantially greater than
those of other pathological conditions predisposing to osteoporo-
sis, such as prolonged bedrest, microgravity during spaceflight, or
postmenopausal osteoporosis.[14] Another major concern is that
teriparatide and abaloparatide (PTH-related protein analog) treat-
ment is limited to a 2-year period in patients because of the
increased potential risk of developing osteosarcoma with a longer
duration of therapy.[82,83]

Monoclonal human Ab against sclerostin, ROMO, that targets
the Wnt signaling pathway was recently approved as a new and
potent anabolic agent for the treatment of women with post-
menopausal osteoporosis at high risk of fracture. In women with
postmenopausal osteoporosis, ROMO can increase BMD and
bone formation while decreasing bone resorption.[84] ROMO sig-
nificantly reduced the incidence of new vertebral fractures in the
Fracture Study in Postmenopausal Women with Osteoporosis
(FRAME), but the drug failed to meet the secondary objective
of reducing the incidence of nonvertebral fractures.[85] However,
ROMO could significantly reduce nonvertebral fractures by 19%
in a separate study.[86] Importantly, the latter study also reported
that patients on ROMO had a slightly higher risk of serious car-
diovascular events than the comparator drug (alendronate),[86]

a risk that is still under debate.[87] Recent preclinical work from
our group and others strongly supports sclerostin Ab as an
attractive agent to decrease bone loss after acute SCI,[10,40,88] as
well as to reverse bone loss in chronic SCI.[35] However, the use
of the drug has been limited by the FDA to women and only
for 1 year as the drug carries a black box warning from the FDA

cautioning its use in patients at higher risk for cardiovascular dis-
ease and stroke, two risk factors that are elevated in patients with
SCI.[89] When considering the uncertain efficacy of ROMO in
reducing nonvertebral fractures, along with the possibility of
increased cardiovascular side effects, FDA approval for use only
in women, and relatively short period of safe therapeutic admin-
istration, the need to develop an alternative therapeutic
approach is very clear. The most frequent fracture in patients
with SCI occurs at the distal femur and proximal tibia (e.g., the
knee region), which is a nonvertebral site. SCI is an ongoing,
life-long condition, and, as such, bone loss that follows SCI is a
process that continues for decades.[14,16] Thus, even if ROMO
proves to be efficacious, this agent would not fully meet the
need for the treatment of bone loss in those with chronic SCI.
The availability of an agent that will reduce nonvertebral frac-
tures and be safely administered for a longer period of time
would be of high clinical relevance to improve long-term bone
health in patients with chronic SCI.

Considering the various limitations associated with the cur-
rent pharmacological interventions in SCI-induced bone loss,
we believe that NP159 offers a novel, potent, and potentially
safer drug for use in improving skeletal integrity after SCI.
NP159 can inhibit osteoclast maturation and activity while pre-
serving osteoblast function in SCI, a feature distinct from the cur-
rent antiresorptive agents (e.g., RANKL Ab and BPs) that inhibit
the activity of both osteoclasts and osteoblasts.[65,66,75] As such,
Siglec-15 Ab is capable of offering better efficacy than that of
BPs and DMAB in SCI-induced bone loss because the latter
agents result in the suppression of bone formation, an effect that
may have resulted in questionable efficacy of BPs in treating
bone disease in those with SCI.[65,66,75] We acknowledge the
observation that a net increase in BMD is progressive with DMAB
treatment, which suggests a greater suppression of bone resorp-
tion than bone formation.[69] However, the bone turnover and
the healing of microfractures may be impeded by long-term
treatment with a potent antiresorptive agent, predisposing to
atypical femoral fractures.[71,74] The potentially superior safety
profile of Siglec-15 Ab may allow it to be safely used for more
extended periods of time to treat bone loss in those with chronic
SCI; this is in contrast to the commercially available bone ana-
bolic agents (teriparatide, abaloparatide, and ROMO), which are
limited in treatment length of 1–2 years due to safety concerns,
or the other antiresorptive agents that may cause osteonecrosis
of the jaw and atypical femoral fractures or other adverse effects.

Importantly, the present work strongly suggests that inacti-
vating Siglec-15 by NP159 has a favorable influence on the dif-
ferentiation potential of bonemarrow progenitors by inhibiting
osteoclastogenesis while promoting osteoblastic differentia-
tion. We demonstrated that NP159 administration led to the
upregulation of OPG and the OPG/RANKL ratio in cultured oste-
oblasts (Fig. 7[d–f]), thereby resulting in diminishing the ele-
vated osteoclast population (TRACP+ multinucleated cells)
after SCI in bone marrow hematopoietic stem cells (Fig. 6). Such
an NP159-mediated indirect effect is in addition to the known
direct effect of Siglec-15 inhibition to block Siglec-15-DAP12
complex formation and inactivate Akt signaling pathway that
can prevent osteoclast fusion and maturation.[25,27,90] In addi-
tion, we found that NP159 increased the number of CFU and cal-
cified nodules in ex vivo cultured osteoblasts. This enhanced
osteoblastogenesis results in maintaining bone formation (Figs. 4
and 5). The elevated osteogenesis induced by Siglec-15 antago-
nism in this study is consistent with previous findings showing
an increased number of osteocalcin-positive osteoblasts, an
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enlarged osteoid-covered bone surface, and greater trabecular
bone volume in the Siglec-15 knockout mice compared to wild-
type mice.[32] In the present study, however, a discrepancy exists
with regard to bone formation parameters between the histomor-
phometric evidence in bone tissue sections and the cellular
observations in cultured bone marrow cells: an increased osteo-
blastogenesis is seen for the latter, while evidence of bone forma-
tion is not seen for the former with NP159 treatment after SCI. It is
not clear what explains the observed difference in bone formation
on bone surfaces versus the potential of bonemarrowprogenitors
to undergo osteoblastogenic differentiation. In response to Siglec-
15 inhibition, it seems that while bone marrow stem cells are
primed to differentiate into osteoblastic cells, some critical ele-
ments necessary for them to do so are not present. It is also impor-
tant to note that at the earlier stage of SCI, bone formation rate did
not change at 2 months after injury in this study and at up to
6 months in a previous study[91]; thus, one might not expect
NP159 to increase bone formation despite the fact that NP159
has the potential to promote osteoblastogenesis in bone MSCs
to support bone formation. It remains possible that NP159 can
promote bone formation rate at the later stage of SCI when bone
formation is greatly compromised.[14,18] In addition, it would also
be of interest in a future study to investigate whether, in the con-
ditions of SCI-induced immobilization, Siglec-15 Ab can act by
blocking the Siglec-15-DAP12 complex for inactivating Akt signal-
ing to inhibit osteoclast fusion and maturation,[27,90] promoting
the production of PDGF-BB from preosteoclasts for recruitment
of more osteoblasts, or other mechanisms,[32] thereby exerting
its antiresorptive roles while sparing or even promoting bone
formation.

It is of great interest to know whether the benefits to bone
after acute SCI in rats can translate to more sustained protection
against significant bone loss after chronic SCI. Future work can
be conducted to investigate the effects of Siglec-15 Ab or the
combination of Siglec-15 Ab with other pharmacological or non-
pharmacological approaches to offer therapeutic benefit on
bone after a more extended period of time following SCI, when
a number of pathological changes, including those of prolonged
immobilization, severe neurological impairments, and systemic
hormonal and metabolic dysfunctions, are more fully developed
and when robust bone loss at the level below spinal cord lesion
has already happened, as is the case for most patients with
chronic SCI who have longstanding paralysis. Current knowledge
and our prior works support the hypothesis that Siglec-15 Ab has
a high likelihood of improving bone health in chronic SCI. It
has been shown that gains in bone mass by functional electrical
stimulation may occur even years after SCI.[92] Microgravity in
spaceflight results in significant bone loss, but 1 year of gravita-
tional loading in most astronauts after returning to earth gener-
ally leads to significant reversal of these skeletal changes.[93] Our
compelling data demonstrate that Siglec-15 Ab almost fully pre-
vents bone loss and preserves trabecular microarchitecture in
acute SCI via its potent antiresorptive activity (inhibiting osteo-
clast maturation for suppressing osteoclast activity) coupled
with anabolic action (promoting osteoblastogenesis to maintain
or even increase bone formation). The unique feature of Siglec-
15 action in maintaining the capacity for bone formation while
inhibiting bone resorption should allow for new bone accrual
to restore bone mass and, possibly, structure. This should lead
to improved skeletal integrity after marked bone loss in chronic
SCI. Another limitation of this work was that only male rats were
studied. It thus remains of interest and relevance to investigate
whether the beneficial effects can be extended to females.

We also found that, similar to the antiresorptive and anabolic
effects of Siglec-15 Ab in acute SCI, sclerostin Ab administration
demonstrated anabolic action (enhancing bone formation)
through activation of Wnt signaling and protected against bone
deterioration after acute SCI, coupled with moderate antiresorp-
tive activity.[10] However, it is important to note that a key differ-
entiator between the two treatments is that the favorable
changes in Tb.N and Conn.D were observed by administration
of NP159 (Fig. 1B[b,d] in the present study) but not by sclerostin
Ab (Fig. 1F,G in our previous report[10]). This suggests that antag-
onizing Siglec-15-mediated activity in bone leads to a better out-
come in improving microarchitecture than sclerostin
antagonism does. Furthermore, we reported that sclerostin Ab-
mediated skeletal benefits (e.g., complete reversal of marked
sublesional bone loss and normalization of bone strength) can
be extended to the condition of chronic SCI when applied
3 months after SCI,[35] suggesting that bone restoration remains
effective even after a relatively long interval after SCI and that it
may also be possible to reverse loss of bone mass and strength
after chronic SCI. Based on these considerations, it is highly prob-
able that Siglec-15 Ab administration can greatly restore the
marked sublesional bone loss in chronic SCI in a future preclinical
study, if not to a greater extent, at least to a degree similar to that
observed for that of sclerostin Ab administration.[35]

Because the main mechanism of action of NP159 is to inhibit
osteoclast fusion, the number of osteoclast precursors would
be unchanged. Substantial “rebound” bone loss has been
reported following discontinuation of DMAB treatment,[94] and
this may also be a clinical concern when discontinuing NP159
treatment, which will require future work to determine the mag-
nitude of bone loss that would likely occur when Siglec-15 antag-
onism is discontinued. Of note, another form of Siglec-15 Ab
(DS-1501a) has proven to be potent and have an excellent safety
profile in the clinical trial to date.[31] We note that in the present
study, NP159 treatment did not cause animal death, weight loss,
or other adverse effects in SCI rats. Preliminary toxicology studies
suggest that NP159 treatment in rodents is safe. Analysis of tis-
sues tested (thymus, heart, lung, liver, spleen, kidney, inguinal
lymph node) showed no major histopathology finding after five
doses up to 30 mg/kg biweekly for 2 months in mice (NextCure,
personal communication, May 2023). In addition, no adverse
effects were observed after seven doses at 10 mg/kg or in rats
treated. If NP159 can demonstrate a safety profile in clinical trial
similar to that of DS-1501a, Siglec-15 Ab can be considered a
potentially novel agent that could be administered for longer
periods of time than other anti-osteoporotic agents that are cur-
rently available on the market.

In conclusion, when started immediately after SCI and contin-
ued for 8 weeks in a rodent model of motor-complete SCI,
administration of Siglec-15-inactivating antibody was demon-
strated to lead to a pronounced increase in bone mass and a
preservation of trabecular microarchitecture in skeletons below
the level of spinal cord transection. Mechanisms underlying the
antiresorptive and anabolic activities of Siglec-15 Ab are largely
attributed to its suppression of osteoclast maturation and bone
resorption while increasing osteoblastogenesis to maintain
bone formation. Our findings establish Siglec-15 Ab as a novel
antiresorptive, but also as a uniquely bone formation-sparing
agent in animals with motor-complete SCI. Siglec-15 Ab has
been demonstrated to have potent efficacy in reducing marked
bone loss, as well as having a fine safety profile, as shown in prior
human studies. Because administration of Siglec-15 Ab exhibits
potent bone anabolic actions after paralysis from SCI, there is
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reason to assume that it would also have efficacy in the treatment
of other conditions associated with extreme immobilization. Our
discoveries have significant clinical implications because skeletal
deterioration in individuals with motor-complete SCI is rapid, pro-
gressive, severe, and refractory to the pharmacologic approaches
available to date, except that of DMAB.[13,14,68] Thus, our findings
from this study strongly indicate that antibody-mediated block-
ade of Siglec-15 can serve as a promising novel therapeutic option
to preserve skeletal mass and integrity after acute SCI, as well as
for the treatment of other conditions of severe osteoporosis asso-
ciated with chronic immobilization and disuse (e.g., prolonged
bedrest and spaceflight), neurologic etiologies (e.g., stroke, Parkin-
son’s disease, amyotrophic lateral sclerosis, andmultiple sclerosis),
or activity-limiting rheumatological diseases.

Author Contributions

Yuanzhen Peng: Data curation; formal analysis; investigation;
validation. Solomon Langermann: Funding acquisition;
resources; validation; writing – review and editing. Priyanka
Kothari: Resources; writing – review and editing. Linda Liu: Pro-
ject administration; resources; writing – review and editing.
Wei Zhao: Data curation. Yizhong Hu: Data curation. Zihao Chen:
Data curation. Mariana Moraes de Lima Perini: Data curation;
methodology. Jiliang Li: Data curation; methodology. Jay J. Cao:
Data curation; methodology. X. Edward Guo: Data curation;
resources. Lieping Chen: Data curation; methodology; resources.
William A. Bauman: Resources; writing – review and editing.
Weiping Qin: Conceptualization; data curation; formal analysis;
funding acquisition; investigation; methodology; project adminis-
tration; resources; supervision; validation; writing – original draft;
writing – review and editing.

Acknowledgments

Sources of research support: This work was supported by the
Veterans Health Administration, Rehabilitation Research and
Development Service (Merit Review Award 5I01RX02089-A2
and BRAVE funds VA TTP-005-023 QIN to WQ and the Center
Grant B2020-C to WAB), NIH/NINDS (R21 NS111393-01A1 to
WQ), NextCure, Inc. toWQ, and the US Department of Agriculture
(USDA), Agricultural Research Service, Project Plan
3062-51000-053-00D to JC. USDA is an equal opportunity pro-
vider and employer. Mention of trade names or commercial
products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or
endorsement by the USDA. The findings and conclusions in this
manuscript are those of the authors and should not be construed
as representing any official USDA or US government determina-
tion or policy. NextCure, Inc. provided Siglec-15 mAb (NP159).

Disclosures

YP, WZ, YH, ZC, JL, JC, XEG, and WB have nothing to disclose. SL,
PK, LL, and LC are current or former employees and shareholders
of NextCure, Inc. NextCure, Inc. andWQhave jointly filed a patent
application for intellectual protection. LL’s current address: Zai
Laboratory, USA.

Peer Review

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1002/
jbm4.10825.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

References

1. LaPlanteMP.Data on Disability from the National Health Interview Sur-
vey, 1983–85. An InfoUse Report. Washington, DC: National Institute
on Disability and Rehabilitation Research; 1988.

2. Vico L, Collet P, Guignandon A, et al. Effects of long-termmicrogravity
exposure on cancellous and cortical weight-bearing bones of cosmo-
nauts. Lancet. 2000;355(9215):1607–1611.

3. Szollar SM, Martin EM, Sartoris DJ, Parthemore JG, Deftos LJ. Bone
mineral density and indexes of bone metabolism in spinal cord
injury. Am J Phys Med Rehabil. 1998;77(1):28–35.

4. Garland DE, Adkins RH, Kushwaha V, Stewart C. Risk factors for oste-
oporosis at the knee in the spinal cord injury population. J Spinal Cord
Med. 2004;27(3):202–206.

5. Warden SJ, Bennell KL, Matthews B, Brown DJ, McMeeken JM,
Wark JD. Quantitative ultrasound assessment of acute bone loss fol-
lowing spinal cord injury: a longitudinal pilot study. Osteoporos Int.
2002;13(7):586–592. https://doi.org/10.1007/s001980200077.

6. Leblanc AD, Schneider VS, Evans HJ, Engelbretson DA, Krebs JM. Bone
mineral loss and recovery after 17 weeks of bed rest. J Bone Miner Res.
1990;5(8):843–850. https://doi.org/10.1002/jbmr.5650050807.

7. Recker R, Lappe J, Davies K, Heaney R. Characterization of perimeno-
pausal bone loss: a prospective study. J Bone Miner Res. 2000;15(10):
1965–1973. https://doi.org/10.1359/jbmr.2000.15.10.1965.

8. Bauman WA, Cardozo C. Immobilization Osteoporosis. In Marcus R,
Nelson D, Rosen CJ, eds. Osteoporosis Fourth Edition. Academic Press;
2013.

9. National Spinal Cord Injury Statistical Center. Spinal Cord Injury Facts
and Figures at a Glance; 2018.

10. Qin W, Li X, Peng Y, et al. Sclerostin antibody preserves the morphol-
ogy and structure of osteocytes and blocks the severe skeletal dete-
rioration after motor-complete spinal cord injury in rats. J Bone Miner
Res. 2015;30(11):1994–2004. https://doi.org/10.1002/jbmr.2549.

11. Cirnigliaro CM, La Fountaine MF, Parrott JS, et al. Administration of
Denosumab Preserves Bone Mineral Density at the knee in persons
with subacute spinal cord injury: findings from a randomized clinical
trial. JBMR Plus. 2020;4(8):e10375. https://doi.org/10.1002/jbm4.10375.

12. Minaire P, Neunier P, Edouard C, Bernard J, Courpron P, Bourret J.
Quantitative histological data on disuse osteoporosis: comparison
with biological data. Calcif Tissue Res. 1974;17(1):57–73.

13. Battaglino R, Lazzari A, Garshick E, Morse L. Spinal cord injury-
induced osteoporosis: pathogenesis and emerging therapies. Curr
Osteoporos Rep. 2012;10(4):278–285. https://doi.org/10.1007/
s11914-012-0117-0.

14. Qin W, Bauman WA, Cardozo C. Bone and muscle loss after spinal
cord injury: organ interactions. Ann N Y Acad Sci. 2010;1211:66–84.
https://doi.org/10.1111/j.1749-6632.2010.05806.x.

15. Zehnder Y, Luthi M, Michel D, et al. Long-term changes in bone
metabolism, bone mineral density, quantitative ultrasound parame-
ters, and fracture incidence after spinal cord injury: a cross-sectional
observational study in 100 paraplegic men. Osteoporos Int. 2004;
15(3):180–189. https://doi.org/10.1007/s00198-003-1529-6.

16. BaumanWA, Spungen AM,Wang J, Pierson RN Jr, Schwartz E. Contin-
uous loss of bone during chronic immobilization: a monozygotic
twin study. Osteoporos Int. 1999;10(2):123–127.

JBMR Plus (WOA)n 12 of 15 PENG ET AL.

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/jbm4.10825
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/jbm4.10825
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/jbm4.10825
https://doi.org/10.1007/s001980200077
https://doi.org/10.1002/jbmr.5650050807
https://doi.org/10.1359/jbmr.2000.15.10.1965
https://doi.org/10.1002/jbmr.2549
https://doi.org/10.1002/jbm4.10375
https://doi.org/10.1007/s11914-012-0117-0
https://doi.org/10.1007/s11914-012-0117-0
https://doi.org/10.1111/j.1749-6632.2010.05806.x
https://doi.org/10.1007/s00198-003-1529-6


17. Cirnigliaro CM, Myslinski MJ, Asselin P, et al. Progressive Sublesional
Bone loss extends into the second decade after spinal cord injury.
J Clin Densitom. 2019;22(2):185–194. https://doi.org/10.1016/j.jocd.
2018.10.006.

18. Qin W, Bauman WA, Cardozo CP. Evolving concepts in neurogenic
osteoporosis. Curr Osteoporos Rep. 2010;8(4):212–218. https://doi.
org/10.1007/s11914-010-0029-9.

19. Vestergaard P, Krogh K, Rejnmark L, Mosekilde L. Fracture rates and
risk factors for fractures in patients with spinal cord injury. Spinal
Cord. 1998;36(11):790–796.

20. Asselin P, Spungen AM, Muir JW, Rubin CT, Bauman WA. Transmis-
sion of low-intensity vibration through the axial skeleton of persons
with spinal cord injury as a potential intervention for preservation
of bone quantity and quality. J Spinal Cord Med. 2011;34(1):52–59.

21. Morse LR, Giangregorio L, Battaglino RA, et al. VA-based survey of
osteoporosis management in spinal cord injury. PM R. 2009;1(3):
240–244. https://doi.org/10.1016/j.pmrj.2008.10.008.

22. Morse LR, Battaglino RA, Stolzmann KL, et al. Osteoporotic fractures
and hospitalization risk in chronic spinal cord injury. Osteoporos Int.
2009;20(3):385–392. https://doi.org/10.1007/s00198-008-0671-6.

23. Fattal C, Mariano-Goulart D, Thomas E, Rouays-Mabit H, Verollet C,
Maimoun L. Osteoporosis in persons with spinal cord injury: the need
for a targeted therapeutic education. Arch Phys Med Rehabil. 2011;
92(1):59–67. https://doi.org/10.1016/j.apmr.2010.09.019.

24. Zhu Y, Yao S, Chen L. Cell surface signaling molecules in the control
of immune responses: a tide model. Immunity. 2011;34(4):466–478.
https://doi.org/10.1016/j.immuni.2011.04.008.

25. Kameda Y, Takahata M, Mikuni S, et al. Siglec-15 is a potential thera-
peutic target for postmenopausal osteoporosis. Bone. 2015;71:217–
226. https://doi.org/10.1016/j.bone.2014.10.027.

26. Humphrey MB, Nakamura MC. A comprehensive review of immunor-
eceptor regulation of osteoclasts. Clin Rev Allergy Immunol. 2016;
51(1):48–58. https://doi.org/10.1007/s12016-015-8521-8.

27. Stuible M, Moraitis A, Fortin A, et al. Mechanism and function of
monoclonal antibodies targeting siglec-15 for therapeutic inhibition
of osteoclastic bone resorption. J Biol Chem. 2014;289(10):6498–
6512. https://doi.org/10.1074/jbc.M113.494542.

28. Udagawa N. Anti-Siglec-15 antibody inhibits bone-resorbing activity
of osteoclasts and stimulates osteoblast differentiation; 2017. ASBMR
Annual Meeting;MO0562.

29. Fukuda C. Anti-Siglec-15 antibody reduces bone resorption while
maintaining bone formation in ovariectomized (OVX) rats and mon-
keys; 2017. ASBMR Annual Meeting. SA0319.

30. Chie Fukuda AO, Karibe T, Hiruma Y, Kumakura S, Tsuda E. A novel
bone formation-sparing anti-resorptive agent, DS-1501a, increased
BMD and bone biomechanical properties of cortical bone in ovariec-
tomized cynomolgus monkeys; 2017. ASBMR Annual Meeting.;
FR0318.

31. Victor Dishy DK, Warren V, Maxwell W, et al. A Phase 1, Subject- and
Investigator blinded, Sponsor unblinded, Placebo-controlled, Ran-
domized, 2 part, Sequential, Single Ascending Dose Study to Assess
the Safety, Tolerability, Pharmacokinetics, and Pharmacodynamics
of DS 1501a in Healthy Young Subjects and Healthy Postmenopausal
Women; 2017. ASBMR Annual Meeting. 2017;FR0293.

32. Zhen G, Dan Y, Wang R, et al. An antibody against Siglec-15 promotes
bone formation and fracture healing by increasing TRAP(+) mono-
nuclear cells and PDGF-BB secretion. Bone Res. 2021;9(1):47. https://
doi.org/10.1038/s41413-021-00161-1.

33. Sun L, Pan J, Peng Y, et al. Anabolic steroids reduce spinal cord injury-
related bone loss in rats associated with increased Wnt signaling.
J Spinal Cord Med. 2013;36(6):616–622. https://doi.org/10.1179/
2045772312Y.0000000020.

34. Qin W, Sun L, Cao J, et al. The central nervous system (CNS)-
independent anti-bone-resorptive activity of muscle contraction
and the underlying molecular and cellular signatures. J Biol Chem.
2013;288(19):13511–13521. https://doi.org/10.1074/jbc.M113.
454892.

35. Zhao W, Li X, Peng Y, et al. Sclerostin antibody reverses the severe
Sublesional Bone loss in rats after chronic spinal cord injury. Calcif

Tissue Int. 2018;103(4):443–454. https://doi.org/10.1007/s00223-018-
0439-8.

36. Zhao W, Peng Y, Hu Y, et al. Electrical stimulation of hindlimb skeletal
muscle has beneficial effects on sublesional bone in a rat model of
spinal cord injury. Bone. 2021;144:115825. https://doi.org/10.1016/j.
bone.2020.115825.

37. Wu Y, Collier L, Pan J, Qin W, Bauman WA, Cardozo CP. Testosterone
reducedmethylprednisolone-inducedmuscle atrophy in spinal cord-
injured rats. Spinal Cord. 2012;50(1):57–62. https://doi.org/10.1038/
sc.2011.91.

38. Wu Y, Collier L, Qin W, et al. Electrical stimulation modulates Wnt sig-
naling and regulates genes for themotor endplate and calcium bind-
ing inmuscle of rats with spinal cord transection. BMC Neurosci. 2013;
14:81. https://doi.org/10.1186/1471-2202-14-81.

39. Wu Y, Hou J, Collier L, et al. The administration of high-dose methyl-
prednisolone for 24 h reduced muscle size and increased atrophy-
related gene expression in spinal cord-injured rats. Spinal Cord.
2011;49(8):867–873. https://doi.org/10.1038/sc.2011.28.

40. QinW, ZhaoW, Li X, et al. Mice with sclerostin gene deletion are resis-
tant to the severe sublesional bone loss induced by spinal cord
injury. Osteoporos Int. 2016;27(12):3627–3636. https://doi.org/10.
1007/s00198-016-3700-x.

41. Peng Y, Zhao W, Hu Y, et al. Rapid bone loss occurs as early as 2 days
after complete spinal cord transection in young adult rats. Spinal
Cord. 2020;58(3):309–317. https://doi.org/10.1038/s41393-019-
0371-4.

42. Peng Y, ZhaoW, Hu Y, et al. Administration of High-DoseMethylpred-
nisolone Worsens Bone Loss after acute spinal cord injury in rats.
Neurotrauma Rep. 2021;2(1):592–602. https://doi.org/10.1089/neur.
2021.0035.

43. Peng W, Cotrina ML, Han X, et al. Systemic administration of an
antagonist of the ATP-sensitive receptor P2X7 improves recovery
after spinal cord injury. Proc Natl Acad Sci U S A. 2009;106(30):
12489–12493. https://doi.org/10.1073/pnas.0902531106.

44. Tian X, Jee WS, Li X, Paszty C, Ke HZ. Sclerostin antibody increases
bone mass by stimulating bone formation and inhibiting bone
resorption in a hindlimb-immobilization rat model. Bone. 2011;
48(2):197–201. https://doi.org/10.1016/j.bone.2010.09.009.

45. Li X, Ominsky MS, Warmington KS, et al. Sclerostin antibody treat-
ment increases bone formation, bone mass, and bone strength in a
rat model of postmenopausal osteoporosis. J Bone Miner Res. 2009;
24(4):578–588. https://doi.org/10.1359/jbmr.081206.

46. Li X, Warmington KS, Niu QT, et al. Inhibition of sclerostin by mono-
clonal antibody increases bone formation, bone mass, and bone
strength in aged male rats. J Bone Miner Res. 2010;25(12):2647–
2656. https://doi.org/10.1002/jbmr.182.

47. Bramlett HM, Dietrich WD, Marcillo A, et al. Effects of low intensity
vibration on bone and muscle in rats with spinal cord injury. Osteo-
poros Int. 2014;25(9):2209–2219. https://doi.org/10.1007/s00198-
014-2748-8.

48. Cardozo CP, Qin W, Peng Y, et al. Nandrolone slows hindlimb bone
loss in a rat model of bone loss due to denervation. Ann N Y Acad
Sci. 2010;1192:303–306. https://doi.org/10.1111/j.1749-6632.2009.
05313.x.

49. Lin T, Tong W, Chandra A, et al. A comprehensive study of long-term
skeletal changes after spinal cord injury in adult rats. Bone Res. 2015;
3:15028. https://doi.org/10.1038/boneres.2015.28.

50. Pistoia W, van Rietbergen B, Lochmuller EM, Lill CA, Eckstein F,
Ruegsegger P. Estimation of distal radius failure load with micro-
finite element analysis models based on three-dimensional periph-
eral quantitative computed tomography images. Bone. 2002;30(6):
842–848.

51. Lan S, Luo S, Huh BK, et al. 3D image registration is critical to ensure
accurate detection of longitudinal changes in trabecular bone den-
sity, microstructure, and stiffness measurements in rat tibiae by
in vivo microcomputed tomography (muCT). Bone. 2013;56(1):83–
90. https://doi.org/10.1016/j.bone.2013.05.014.

52. Liu XS, Zhang XH, Sekhon KK, et al. High-resolution peripheral quan-
titative computed tomography can assess microstructural and
mechanical properties of human distal tibial bone. J Bone Miner Res.
2010;25(4):746–756. https://doi.org/10.1359/jbmr.090822.

JBMR® Plus SIGLEC-15 ANTIBODY PRESERVES BONE AFTER SCI 13 of 15 n

https://doi.org/10.1016/j.jocd.2018.10.006
https://doi.org/10.1016/j.jocd.2018.10.006
https://doi.org/10.1007/s11914-010-0029-9
https://doi.org/10.1007/s11914-010-0029-9
https://doi.org/10.1016/j.pmrj.2008.10.008
https://doi.org/10.1007/s00198-008-0671-6
https://doi.org/10.1016/j.apmr.2010.09.019
https://doi.org/10.1016/j.immuni.2011.04.008
https://doi.org/10.1016/j.bone.2014.10.027
https://doi.org/10.1007/s12016-015-8521-8
https://doi.org/10.1074/jbc.M113.494542
https://doi.org/10.1038/s41413-021-00161-1
https://doi.org/10.1038/s41413-021-00161-1
https://doi.org/10.1179/2045772312Y.0000000020
https://doi.org/10.1179/2045772312Y.0000000020
https://doi.org/10.1074/jbc.M113.454892
https://doi.org/10.1074/jbc.M113.454892
https://doi.org/10.1007/s00223-018-0439-8
https://doi.org/10.1007/s00223-018-0439-8
https://doi.org/10.1016/j.bone.2020.115825
https://doi.org/10.1016/j.bone.2020.115825
https://doi.org/10.1038/sc.2011.91
https://doi.org/10.1038/sc.2011.91
https://doi.org/10.1186/1471-2202-14-81
https://doi.org/10.1038/sc.2011.28
https://doi.org/10.1007/s00198-016-3700-x
https://doi.org/10.1007/s00198-016-3700-x
https://doi.org/10.1038/s41393-019-0371-4
https://doi.org/10.1038/s41393-019-0371-4
https://doi.org/10.1089/neur.2021.0035
https://doi.org/10.1089/neur.2021.0035
https://doi.org/10.1073/pnas.0902531106
https://doi.org/10.1016/j.bone.2010.09.009
https://doi.org/10.1359/jbmr.081206
https://doi.org/10.1002/jbmr.182
https://doi.org/10.1007/s00198-014-2748-8
https://doi.org/10.1007/s00198-014-2748-8
https://doi.org/10.1111/j.1749-6632.2009.05313.x
https://doi.org/10.1111/j.1749-6632.2009.05313.x
https://doi.org/10.1038/boneres.2015.28
https://doi.org/10.1016/j.bone.2013.05.014
https://doi.org/10.1359/jbmr.090822


53. Cohen A, Dempster DW, Recker RR, et al. Abnormal bone microarch-
itecture and evidence of osteoblast dysfunction in premenopausal
women with idiopathic osteoporosis. J Clin Endocrinol Metab. 2011;
96(10):3095–3105. https://doi.org/10.1210/jc.2011-1387.

54. Zhou H, Newnum AB, Martin JR, et al. Osteoblast/osteocyte-specific
inactivation of Stat3 decreases load-driven bone formation and accu-
mulates reactive oxygen species. Bone. 2011;49(3):404–411. https://
doi.org/10.1016/j.bone.2011.04.020.

55. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C
[T]) method. Methods. 2001;25(4):402–408. https://doi.org/10.1006/
meth.2001.1262.

56. Lenth RV. Java Applets for Power and Sample Size [Computer soft-
ware] (2006–9); 2006. Available from: http://www.stat.uiowa.edu/
�rlenth/Power.

57. Sato D, Takahata M, Ota M, et al. Siglec-15-targeting therapy protects
against glucocorticoid-induced osteoporosis of growing skeleton in
juvenile rats. Bone. 2020;135:115331. https://doi.org/10.1016/j.bone.
2020.115331.

58. Tsukazaki H, Kikuta J, Ao T, et al. Anti-Siglec-15 antibody suppresses
bone resorption by inhibiting osteoclast multinucleation without
attenuating bone formation. Bone. 2021;152:116095. https://doi.
org/10.1016/j.bone.2021.116095.

59. Kondo H, Nifuji A, Takeda S, et al. Unloading induces osteoblastic cell
suppression and osteoclastic cell activation to lead to bone loss via
sympathetic nervous system. J Biol Chem. 2005;280(34):30192–
30200. https://doi.org/10.1074/jbc.M504179200.

60. Basso N, Jia Y, Bellows CG, Heersche JN. The effect of reloading on
bone volume, osteoblast number, and osteoprogenitor characteris-
tics: studies in hind limb unloaded rats. Bone. 2005;37(3):370–378.
https://doi.org/10.1016/j.bone.2005.04.033.

61. Jiang SD, Jiang LS, Dai LY. Effects of spinal cord injury on osteoblas-
togenesis, osteoclastogenesis and gene expression profiling in oste-
oblasts in young rats. Osteoporos Int. 2007;18(3):339–349. https://doi.
org/10.1007/s00198-006-0229-4.

62. Iwamoto J, Matsumoto H, Takeda T. Efficacy of risedronate against
hip fracture in patients with neurological diseases: a meta-analysis
of randomized controlled trials. Curr Med Res Opin. 2008;24(5):
1379–1384. https://doi.org/10.1185/030079908X297321.

63. Shen V, Liang XG, Birchman R, et al. Short-term immobilization-
induced cancellous bone loss is limited to regions undergoing high
turnover and/or modeling in mature rats. Bone. 1997;21(1):71–78.

64. Brouwers JE, Lambers FM, van Rietbergen B, Ito K, Huiskes R. Compar-
ison of bone loss induced by ovariectomy and neurectomy in rats
analyzed by in vivo micro-CT. J Orthop Res. 2009;27(11):1521–1527.
https://doi.org/10.1002/jor.20913.

65. Bauman WA, Wecht JM, Kirshblum S, et al. Effect of pamidronate
administration on bone in patients with acute spinal cord injury.
J Rehabil Res Dev. 2005;42(3):305–313.

66. Gilchrist NL, Frampton CM, Acland RH, et al. Alendronate prevents
bone loss in patients with acute spinal cord injury: a randomized,
double-blind, placebo-controlled study. J Clin Endocrinol Metab.
2007;92(4):1385–1390. https://doi.org/10.1210/jc.2006-2013.

67. Bubbear JS, Gall A, Middleton FR, Ferguson-Pell M, Swaminathan R,
Keen RW. Early treatment with zoledronic acid prevents bone loss
at the hip following acute spinal cord injury. Osteoporos Int. 2011;
22(1):271–279. https://doi.org/10.1007/s00198-010-1221-6.

68. Bauman WA, Cardozo CP. Osteoporosis in individuals with spinal
cord injury. PM R. 2015;7(2):188–201. https://doi.org/10.1016/j.pmrj.
2014.08.948.

69. Bone HG. Ten Years of Denosumab Treatment in Postmenopausal
Women With Osteoporosis: Results From the FREEDOM Extension
Trial; The 2015 ASBMR Annual Meeting. 2015;LB-1157.

70. Kendler DL, Roux C, Benhamou CL, et al. Effects of denosumab on
bone mineral density and bone turnover in postmenopausal women
transitioning from alendronate therapy. J Bone Miner Res. 2010;25(1):
72–81. https://doi.org/10.1359/jbmr.090716.

71. Reid IR, Miller PD, Brown JP, et al. Effects of denosumab on bone his-
tomorphometry: the FREEDOM and STAND studies. J Bone Miner Res.
2010;25(10):2256–2265. https://doi.org/10.1002/jbmr.149.

72. Gifre L, Vidal J, Carrasco JL, et al. Denosumab increases sublesional
bone mass in osteoporotic individuals with recent spinal cord injury.
Osteoporos Int. 2016;27(1):405–410. https://doi.org/10.1007/s00198-
015-3333-5.

73. Park-Wyllie LY, Mamdani MM, Juurlink DN, et al. Bisphosphonate use
and the risk of subtrochanteric or femoral shaft fractures in older
women. JAMA. 2011;305(8):783–789. https://doi.org/10.1001/jama.
2011.190.

74. Lewiecki EM. New and emerging concepts in the use of denosumab
for the treatment of osteoporosis. Ther Adv Musculoskelet Dis. 2018;
10(11):209–223. https://doi.org/10.1177/1759720X18805759.

75. Bauman WA, Cirnigliaro CM, La Fountaine MF, Martinez L,
Kirshblum SC, Spungen AM. Zoledronic acid administration failed
to prevent bone loss at the knee in persons with acute spinal cord
injury: an observational cohort study. J Bone Miner Metab. 2015;
33(4):410–421. https://doi.org/10.1007/s00774-014-0602-x.

76. Khosla S, Hofbauer LC. Osteoporosis treatment: recent developments
and ongoing challenges. Lancet Diabetes Endocrinol. 2017;5(11):898–
907. https://doi.org/10.1016/S2213-8587(17)30188-2.

77. McDonald MM, Khoo WH, Ng PY, et al. Osteoclasts recycle via osteo-
morphs during RANKL-stimulated bone resorption. Cell. 2021;184(7):
1940. https://doi.org/10.1016/j.cell.2021.03.010.

78. Murad MH, Drake MT, Mullan RJ, et al. Clinical review. Comparative
effectiveness of drug treatments to prevent fragility fractures: a sys-
tematic review and network meta-analysis. J Clin Endocrinol Metab.
2012;97(6):1871–1880. https://doi.org/10.1210/jc.2011-3060.

79. Freemantle N, Cooper C, Diez-Perez A, et al. Results of indirect and
mixed treatment comparison of fracture efficacy for osteoporosis
treatments: a meta-analysis. Osteoporos Int. 2013;24:209–217.
https://doi.org/10.1007/s00198-012-2068-9.

80. Gordon KE, Wald MJ, Schnitzer TJ. Effect of parathyroid hormone
combined with gait training on bone density and bone architecture
in people with chronic spinal cord injury. PM R. 2013;5(8):663–671.
https://doi.org/10.1016/j.pmrj.2013.03.032.

81. Edwards WB, Simonian N, Haider IT, et al. Effects of teriparatide and
vibration on Bone mass and Bone strength in people with Bone loss
and spinal cord injury: a randomized. Controlled Trial J BoneMiner Res.
2018;33(10):1729–1740. https://doi.org/10.1002/jbmr.3525.

82. Cosman F, Nieves J, Zion M, Woelfert L, Luckey M, Lindsay R. Daily
and cyclic parathyroid hormone in women receiving alendronate.
N Engl J Med. 2005;353(6):566–575. https://doi.org/10.1056/
NEJMoa050157.

83. Zhang G, Guo B, Wu H, et al. A delivery system targeting bone forma-
tion surfaces to facilitate RNAi-based anabolic therapy. Nat Med.
2012;18(2):307–314. https://doi.org/10.1038/nm.2617.

84. McClung MR, Grauer A. Romosozumab in postmenopausal women
with osteopenia. N Engl J Med. 2014;370(17):1664–1665. https://doi.
org/10.1056/NEJMc1402396.

85. Cosman F, Crittenden DB, Adachi JD, et al. Romosozumab treatment
in postmenopausal women with osteoporosis. N Engl J Med. 2016;
375(16):1532–1543. https://doi.org/10.1056/NEJMoa1607948.

86. Saag KG, Petersen J, Brandi ML, et al. Romosozumab or alendronate
for fracture prevention in women with osteoporosis. N Engl J Med.
2017;377(15):1417–1427. https://doi.org/10.1056/NEJMoa1708322.

87. Cummings SR, McCulloch C. Explanations for the difference in rates
of cardiovascular events in a trial of alendronate and romosozumab.
Osteoporos Int. 2020;31(6):1019–1021. https://doi.org/10.1007/
s00198-020-05379-z.

88. Beggs LA, Ye F, Ghosh P, et al. Sclerostin inhibition prevents spinal
cord injury-induced cancellous bone loss. J Bone Miner Res. 2015;
30(4):681–689. https://doi.org/10.1002/jbmr.2396.

89. Cragg JJ, Noonan VK, Krassioukov A, Borisoff J. Cardiovascular disease
and spinal cord injury: results from a national population health sur-
vey. Neurology. 2013;81(8):723–728. https://doi.org/10.1212/WNL.
0b013e3182a1aa68.

90. Ishida-Kitagawa N, Tanaka K, Bao X, et al. Siglec-15 protein regulates
formation of functional osteoclasts in concert with DNAX-activating
protein of 12 kDa (DAP12). J Biol Chem. 2012;287(21):17493–17502.
https://doi.org/10.1074/jbc.M111.324194.

JBMR Plus (WOA)n 14 of 15 PENG ET AL.

https://doi.org/10.1210/jc.2011-1387
https://doi.org/10.1016/j.bone.2011.04.020
https://doi.org/10.1016/j.bone.2011.04.020
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.stat.uiowa.edu/%7Erlenth/Power
http://www.stat.uiowa.edu/%7Erlenth/Power
https://doi.org/10.1016/j.bone.2020.115331
https://doi.org/10.1016/j.bone.2020.115331
https://doi.org/10.1016/j.bone.2021.116095
https://doi.org/10.1016/j.bone.2021.116095
https://doi.org/10.1074/jbc.M504179200
https://doi.org/10.1016/j.bone.2005.04.033
https://doi.org/10.1007/s00198-006-0229-4
https://doi.org/10.1007/s00198-006-0229-4
https://doi.org/10.1185/030079908X297321
https://doi.org/10.1002/jor.20913
https://doi.org/10.1210/jc.2006-2013
https://doi.org/10.1007/s00198-010-1221-6
https://doi.org/10.1016/j.pmrj.2014.08.948
https://doi.org/10.1016/j.pmrj.2014.08.948
https://doi.org/10.1359/jbmr.090716
https://doi.org/10.1002/jbmr.149
https://doi.org/10.1007/s00198-015-3333-5
https://doi.org/10.1007/s00198-015-3333-5
https://doi.org/10.1001/jama.2011.190
https://doi.org/10.1001/jama.2011.190
https://doi.org/10.1177/1759720X18805759
https://doi.org/10.1007/s00774-014-0602-x
https://doi.org/10.1016/S2213-8587(17)30188-2
https://doi.org/10.1016/j.cell.2021.03.010
https://doi.org/10.1210/jc.2011-3060
https://doi.org/10.1007/s00198-012-2068-9
https://doi.org/10.1016/j.pmrj.2013.03.032
https://doi.org/10.1002/jbmr.3525
https://doi.org/10.1056/NEJMoa050157
https://doi.org/10.1056/NEJMoa050157
https://doi.org/10.1038/nm.2617
https://doi.org/10.1056/NEJMc1402396
https://doi.org/10.1056/NEJMc1402396
https://doi.org/10.1056/NEJMoa1607948
https://doi.org/10.1056/NEJMoa1708322
https://doi.org/10.1007/s00198-020-05379-z
https://doi.org/10.1007/s00198-020-05379-z
https://doi.org/10.1002/jbmr.2396
https://doi.org/10.1212/WNL.0b013e3182a1aa68
https://doi.org/10.1212/WNL.0b013e3182a1aa68
https://doi.org/10.1074/jbc.M111.324194


91. Jiang SD, Jiang LS, Dai LY. Changes in bone mass, bone structure,
bone biomechanical properties, and bone metabolism after spinal
cord injury: a 6-month longitudinal study in growing rats. Calcif Tissue
Int. 2007;80(3):167–175. https://doi.org/10.1007/s00223-006-0085-4.

92. Chang KV, Hung CY, ChenWS, Lai MS, Chien KL, Han DS. Effectiveness
of bisphosphonate analogues and functional electrical stimulation
on attenuating post-injury osteoporosis in spinal cord injury
patients- a systematic review and meta-analysis. PloS One. 2013;
8(11):e81124. https://doi.org/10.1371/journal.pone.0081124.

93. Lang TF, Leblanc AD, Evans HJ, Lu Y. Adaptation of the proximal
femur to skeletal reloading after long-duration spaceflight. J Bone
Miner Res. 2006;21(8):1224–1230. https://doi.org/10.1359/jbmr.
060509.

94. Florez H, Ramirez J, Monegal A, Guanabens N, Peris P. Spontane-
ous vertebral fractures after denosumab discontinuation: a
case collection and review of the literature. Semin Arthritis
Rheum. 2019;49(2):197–203. https://doi.org/10.1016/j.semarthrit.
2019.02.007.

JBMR® Plus SIGLEC-15 ANTIBODY PRESERVES BONE AFTER SCI 15 of 15 n

https://doi.org/10.1007/s00223-006-0085-4
https://doi.org/10.1371/journal.pone.0081124
https://doi.org/10.1359/jbmr.060509
https://doi.org/10.1359/jbmr.060509
https://doi.org/10.1016/j.semarthrit.2019.02.007
https://doi.org/10.1016/j.semarthrit.2019.02.007

	Anti-Siglec-15 Antibody Prevents Marked Bone Loss after Acute Spinal Cord Injury-Induced Immobilization in Rats
	Introduction
	Materials and Methods
	Animals, surgery, drug administration, and tissue collection
	BMD assessed by dual-energy X-ray absorptiometry
	μCT analysis of bone microarchitecture
	Bone histomorphometric analyses
	ELISA assays
	Ex vivo osteoclastogenesis and osteoblastogenesis assays
	RNA extraction from bone marrow cultures and quantitative PCR
	Statistics

	Results
	Siglec-15 antibody prevented marked bone loss after acute motor-complete SCI In rats
	Siglec-15 antibody greatly inhibited bone resorption while maintaining bone formation
	Siglec-15 antibody inhibited osteoclastogenesis
	Siglec-15 antibody enhanced osteoblastogenesis

	Discussion
	Author Contributions
	Acknowledgments
	Disclosures
	Peer Review
	Data Availability Statement

	References


